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Introduction
For hydrogen to be a viable substitute for the hydrocarbon based fuels there is a need to find out a suitable storage material for the solid state storage of hydrogen, for which a world wide research effect is going on for last several years [1] . Nanostructuring seems to offer some positive directions in this regard [2e6] . Ball-milling is the most widely used nano-structuring technique for the tailoring of hydrogen sorption properties of materials [3, 4] . Ball-milling is very attractive due to its easy scale-up possibility from the laboratory to the industrial level [7] . Earlier studies on Mg [4] , and a few recent studies on MgH 2 and Mg together with other additives etc. [5, 6] , clearly show the advantages of ball-milling in particle size tuning for the hydrogen storage purpose. Such improvements in the properties, recently lead to the synthesis of pellets of MgH 2 -based composites as practical material for solid state hydrogen storage, showing encouraging cycling properties [8] . Due to its excellent room temperature hydrogen storage properties, LaNi 5 continue to attract lot of interest, although the weight percentage of hydrogen stored in it is relatively low. In several earlier studies, partial substitution of La [9] or Ni [10, 11] has been attempted for increasing the performance of this compound and is found to have positive results in many cases. Although there are several studies reported on this system, a systematic study on the ball-milling effect of the parent LaNi 5 compound were reported only recently, where we found that the long-time ball-milling of the bulk LaNi 5 results in the formation of an e anomalous-state resistant to hydrogen sorption reactions [12] . In this contribution we report the results of the differential scanning calorimetry (DSC) and X-ray photoelectron spectroscopy (XPS) measurements carried out on the nano-structured LaNi 5 samples prepared by ball-milling in comparison to the bulk (un-milled) powders. These results together with the results from the X-ray diffraction and the local structural studies [13, 14] , indicate that the resistance to the hydrogenation of the nano-structured LaNi 5 is mostly due to the slightly reduced unit-cell volume and large atomic disorder present in these systems compared to the bulk LaNi 5 .
Experimental details
Hydrogen storage grade LaNi 5 samples from Aldrich were used for the present study. Milling of these samples were carried out using an FRITSCH planetary miller (Pulverisette 6), using a hardened steel vial and stainless steel balls, at a speed of 240 rotations-per-minute with a ball to powder ratio around 10.
Milling was carried out in cycles of 20 min milling time and 20 min pause-time to avoid the heating of the sample during the milling process. Samples were prepared with milling times 2, 5, 10, 15, 20 and 100 h. For studying the annealing effects, part of the 20 h ball-milled samples were annealed under high vacuum (10 À6 mbar) at 500 C for 30 min. Pressure composition isotherms (PCI) were measured using Sieverts'-method using an automated apparatus (PCTPro2000, Setaram). DSC measurements were carried out using a Mettler-Toledo DSC apparatus. All the DSC measurements were carried out in ambient atmosphere from 50 to 500 C with a heating rate of 20 C/min. All the sample handlings required for the ballmilling, PCI, and DSC, were carried out in an argon filled glove box (Mbraun) to prevent possible air contact. Samples handling for the other measurements were carried out in a glove bag in N 2 atmosphere. XPS measurements were carried out on the bulk and the 100 h ball-milled sample using an UPS-XPS system (Omicron) using Mg K a photons. Samples were also analysed for the Fe impurities using the proton induced x-ray emission (PIXE) using 3 MeV protons from a 3 MV tandem Pelletron accelerator (9SDH, NEC USA). Samples for XPS and PIXE were prepared by pelletizing an equal mixture (weight) of LaNi 5 and high purity graphite. Without the addition of graphite powder, the milled powders were not forming a stable pellet using a standard laboratory hydrostatic pellet maker. Before the XPS measurements, samples were degassed under ultra high vacuum (w10 À10 mbar) for more than 12 h.
3.
Results and discussion
Hydrogen absorption studies
As mentioned in the introduction, unlike several other potential hydrogen storage materials [4e6], long-time ballmilling is found to have an adverse effect on the hydrogen sorption properties of LaNi 5 [12] . Fig. 1 shows the rehydrogenation and dehydrogenation PCIs of the 20 h milled and 500 C 30 min high vacuum annealed LaNi 5 powders. Inset of this figure shows the rehydrogenation PCIs for the as-milled and the un-milled samples. In the as-milled state, the sample reveals a smaller plateau region compared to the un-milled, indicating a substantial reduction in the hydrogen absorption capacity. Also the plateau pressure is found to be higher, indicating an increased energy barrier for the absorption reaction. This behaviour is opposite to that observed for the Mg compounds where ball-milling is found to enhance the hydrogen sorption kinetics [4e6] . Further increase in the milling time is found to decrease the absorption capacity to further lower values [12] . It is to be noted that the ball-milled samples showed almost all the diffraction peaks as the unmilled sample, but with reduced intensity and enhanced widths [13] , indicating that the ball-milling has resulted only in particle size reduction and enhancement in disorder, rather than amorphisation. Annealing the 20 h milled sample at 500 C for 30 min is found to bring back the absorption capacity to almost the same value as that of the un-milled sample ( Fig. 1 ). However, there is a significant increase in the plateau pressure. Unlike the bulk sample, the plateau region is found to be rather sloppy. Interestingly, for this sample, the Open circles represent the first run, while filled circles represent the second run (which was done after an isotherm at 500 C for 10 min).
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DSC studies
Upon several absorptionedesorption cycles the bulk LaNi 5 is found to contain particles with a reduced grain size together with many defects and dislocations [15e17] . Thermal analysis by DSC is one of the effective methods to study the annealing behaviour of lattice defects in LaNi 5 , because an excess energy of lattice defects can be detected directly as exothermic features in the heating run of DSC [18] . Fig. 2 shows the DSC curves of an as-received and a well activated LaNi 5 (a sample which has undergone several absorptionedesorption cycles) samples. There is hardly any feature in the DSC plot of the asreceived sample (solid line in Fig. 2 ). In contrast, for the activated LaNi 5 sample, the DSC curve shows an enhanced heat flow from 200 C onwards (open circles in Fig. 2 ). DSC studies by Nakamura et al. [18] shows similar results as given in Fig. 2 . However, they used a larger temperature window (up to 1200 K). In the present case, the maximum temperature for the DSC analysis was set to 500 C due to the system limitations. Under this condition, in order to see the annealing effects more clearly, we have added an isotherm of 500 C 10 min to the DSC measurements of the cycled sample, before performing second DSC run on the same sample. Results of the second DSC run on the cycled sample are also shown in Fig. 2 (filled circles). There is a clear difference between the first run and the second. The DSC plots of the second run on the cycled sample are more similar to that of the as-received sample, a result which is in agreement with the results reported by Nakamura et al. [18] . Fig. 3 shows the results of the first, second and third DSC runs on a 10 h milled sample. Like earlier, after each run, we have added an isotherm of 500 C 10 min. The 10 h milled sample also showed an enhanced heat flow in the DSC curves. Second and third DSC runs on the 10 h milled samples show similar annealing behaviour as that of the cycled sample. These results clearly show that the ball-milling introduce defects in the LaNi 5 , in addition to the particle size reduction. Fig. 4 shows the results of the DSC measurements for different time ball-milled samples. For clarity, the results are presented In all the frames, the data corresponding to the as-received sample (0 h milled) is also included for comparison.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( 2 0 1 1 ) 1 e6 3   261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325   326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389 in three frames with identical y-scale. In each frame, the results of the as-received sample are also included for the comparison. In all samples one can observe the effect of defects similar to that of the cycled sample (see Fig. 2 ). In addition, the heat flow is found to increase with increasing the milling time indicating an increase in the defects density. Local structural studies using Ni K-and La L 3 -edge extended x-ray absorption fine structure (EXAFS) measurements [13, 14] clearly showed enhancement of the atomic disorder with increasing ball-milling time, in line with the DSC results. The annealing effects as shown in the case of the 10 h milled sample were also observed for all the milled samples (data not shown). In particular, the second DSC runs of the short-time ball-milled samples were more similar to the bulk data, indicating a better defect-annealing in those cases. Results from the local structural studies using the Ni K-and the La L 3 -edge EXAFS [13, 14] showed that the annealing is capable of restoring the atomic order in samples milled up to 20 h. However, these studies showed that the 100 h milled samples retain most of the disorder even after the high temperature annealing. Annealing in this case is found to result only in a random local order rather than a global atomic ordering. Although, the local structural studies using EXAFS show an enhancement in the atomic disorder [13, 14] , the type and the relative weights of disorder/defects cannot be extracted from those studies. Thus the possibility of the formation of nonstoichiometric compounds, such as La 1Àx Ni 5Ày upon longtime ball-milling cannot be ruled out. Fig. 5(a) shows the Ni 2p 3/2 and the La 3d 3/2 core-levels for the bulk and the 100 h ball-milled LaNi 5 . There is hardly any difference between the core-level spectra of the bulk and the 100 h ball-milled LaNi 5 (labelled as nano). In Fig. 5(b) , we show the core-level spectra corresponding to the Ni 2s. In this case, the 100 h milled sample shows an additional feature in the spectrum, mostly indicating the presence of the oxidized Ni. Earlier photoemission studies showed that the La segregates to the surface of the LaNi 5 in the presence of O 2 or H 2 O, and the Ni precipitations are formed during hydrogenation [19] . This represents a self-restoring mechanism of the active surface, since the highly reactive La removes the oxygen and keeps the Ni in a metallic state. Dissociative adsorption of H 2 may then occur at the Ni atoms present in the surface [19] . It seems such a mechanism is absent in the 100 h milled LaNi 5 samples, leaving Ni oxides on the surface and thus making the hydrogen absorption reactions unfavourable.
XPS studies

Impurity analysis
Impurity analysis of the milled samples are important due to the fact that the surface-impurities have more pronounced effects in nano-particles owing to the enhanced surface effects at nano-scale. Earlier studies on LaNi 4.2 Al 0.8 system prepared by mechanical-alloying [10] showed similar hydrogenation results as the present case, but the authors attribute it to the presence of the Fe impurities, which were detected using the Auger electron spectroscopy (AES). But as the AES technique is extremely surface sensitive, and as there is a high probability for the Fe to diffuse to surface in presence of oxygen [20] , the presence of Fe impurities in that case, cannot be taken as an indication that the surface of all the crystallites formed upon ball-milling contain Fe impurities. Proton induced X-ray emission (PIXE) using 3 MeV H þ ions, is a powerful quantitative technique for the impurity analysis [21] . The information this technique provides is in the range of few microns and hence the results do not get influenced by the surface segregation effects. PIXE results from the milled samples indicated that no heavy element impurities like Fe are present above the ppm-levels (the detection limit of PIXE) in the 100 h milled samples. The most probable impurity candidate in the present case is iron (due to the possible erosion of the milling media), presence of which is checked by comparing the PIXE spectra of the milled samples with a standard sample containing 10 ppm Fe. These studies showed that if Fe is present in the milled sample, the contamination level is below 10 ppm. sorption reactions. DSC studies indicate a partial elimination of defects at 500 C in a more efficient way for the short-time ball-milled powders compared to the long-time ball-milled ones. XPS results show no significant changes in the core-level electronic structure for the La and the Ni of LaNi 5 in the bulk and the nano-structured forms. However, the presence of an oxide-component in Ni, gives an indication that the selfrestoring mechanism of the active surface observed in the bulk sample [19] , may not be occurring in the nano-powders. X-ray diffraction together with local structural studies using Ni K-edge and La L 3 EXAFS showed that the long-time ballmilled samples have large atomic disorder [13, 14] . Annealing is found to be effective in restoring the atomic order only for samples milled up to 20 h [13, 14] . From the present studies, it may be concluded that the reduced unit-cell volume together with large atomic disorder is causing a higher energy barrier for the hydride phase formation in the nano-structured LaNi 5 samples prepared by ball-milling . 521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585   586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649 
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